An extended X-ray absorption fine structure (EXAFS) spectrum is generally used to acquire information on the peripheral structures of an absorber, such as the number, the atomic types, and the electric charges of the neighboring atoms. Removal of background is important for the reliable analyses of EXAFS spectra, and a number of approaches have been proposed.
Introduction
An extended X-ray absorption fine structure (EXAFS) spectrum is generally used to acquire information on the peripheral structures of an absorber, such as the number, the atomic types, and the electric charges of the neighboring atoms. Removal of background is important for the reliable analyses of EXAFS spectra, and a number of approaches have been proposed. 1 The background comes from various effects involving a multielectrons excitation (MEE) effect, and atomic XAFS.
The concept of atomic XAFS was first proposed by Holland et al. 2 While the electron wave travels from an absorbing atom to the neighboring scattering atoms, the wave experiences an interatomic potential, which was produced from the coulomb potentials of the absorbing atom and the neighboring atoms. Holland et al. showed that background oscillation should be partly attributed to the atomic XAFS due to scattering from the interatomic potential. Rehr et al. suggested that in the Fouriertransform of an EXAFS spectrum, a peak in the short distance range was caused by the atomic XAFS. 3 Ramaker et al. [4] [5] [6] [7] indicated that this characteristic peak was attributed not to the MEE structure but to the atomic XAFS by theoretical calculations using FEFF6. 8 This paper reports that an oscillating structure having a distance factor reflecting the atomic radius of Br can be extracted from the EXAFS spectra for hydrated bromide ions. The authors have considered that this can be an atomic XAFS for bromide ion.
Experimental
All XAFS spectra at Br K-edge were obtained at BL-10B station 9 of Photon Factory, High Energy Accelerator Research Organization in Tsukuba, Japan. A Si(311) channel-cut crystal monochromator is used. The ring energy of the storage ring was 2.5 GeV, and the stored current ranged from 250 to 300 mA. The incident and transmitted X-ray intensities were measured by the ionization chambers with lengths of 17 and 31 cm, which were filled with the gas mixtures of (15% Ar + 85% N2) and (50% Ar + 50% N2), respectively. The XAFS measurements at room temperature (about 25˚C) were performed in the range 13150 -14430 eV (532 points in total). The dwelling time for one point was 2 s. The incident X-ray was cut to 0.5 × 2 mm bits. The monochromator was calibrated using the angle (24.9391˚) of the pre-edge at Cu K-edge of copper foil (6 µm thickness). Bromide ion-form anion exchange resins were prepared from Amberlyst A-26 (Rohm and Hass Co.), which has chloride ions as counteranions on -N + (CH3)3 groups. Resins were soaked in water after being powdered. A polyethylene pouch and plastic holders were used as the measurement cell (the optical path length 2 mm). The XAFS spectra of 0.1 mol dm -3 KBr aqueous solution and the resin in water were measured by a transmission method. The spectra for these samples are shown in Fig. 1 .
Data Analysis and Discussion
The normalized EXAFS interference function, χ(k), is defined as,
where µ(k), µ0(k), and µb(k) are the total absorption, the absorption due only to the K shell excitation of a priori isolated bromide anion, and the background absorption involving the absorption from the other shells and long-range solvation effects, respectively, m is the electron mass and E is the incident X-ray energy, and E0 is the threshold energy (13470 keV). The term µb(k) is compared to Victreen's formula: aE -3 -bE -4 -c; these parameters a, b and c can be determined by least-squares
fitting.
The baseline µ0(k) was evaluated on the basis of the following equation:
where µt(k) is a temporary baseline required in the calculation process, and µmax(k) and µmin(k) are connections of the minima and maxima of the smoothed k 3 χ(k) spectrum, respectively. 10 This equation indicates that the baseline, µ0(k), can be given by connecting midpoints between µmax(k) and µmin(k). Figures 2a  and 2c show the k 3 χ(k) spectra for Br-form resin soaked in water and KBr in water, where µmax(k) and µmin(k) are shown by dashed-curves, and µ0(k) is shown by dot-dash curves. Tanida et al. applied this method to the analysis of the EXAFS spectra of the solvated bromide ions at Br K-edge, and found that the MEE strongly influences the µ0(k). 11,12 MEE usually gives broad spectra, and its effect has not been recognized as an important factor in the analyses of EXAFS spectra for most atoms. However, MEE results in large baseline turbulence for KBr in water; the intensities of MEE occupied ca. 40% of the overall signal intensity at k = 1 Å -1 and 90% at k = 7 Å -1 .
11
MEE is explained by shake-up and shake-off processes. 13 When an incident X-ray has the energy E larger than the threshold energy E0, the excess energy (E -E0) excites or ionizes outer (mainly valence) electrons. The former process is called shake-up and the latter shake-off. The shake-off process occurs when (E -E0) is larger than the binding energy of the outer shells, and affects an EXAFS spectrum over a wide energy range. On the other hand, the effect of shake-up discretely appears in an EXAFS χ spectrum in k space because it occurs only when the excess energy equals the transition energy from an outer shell to a higher shell.
The solid curves in Figs. 2b and 2d were obtained by subtracting µ0(k) from k 3 χ(k). Tanida's work suggested that subtracting µ0(k) from k 3 χ(k) effectively reduces the MEE structure at the range of k = 1.5 -5 Å -1 in EXAFS spectra of 1 -2 Br; 11 it was predicted that the MEE structures would appear k = 1.9, 2.7, 5.0, 7.6 Å -1 . Thus, the solid curves in Figs. 2b and 2d should basically be free from MEE effects. When Eq. (3) is again applied to the modified k 3 χ(k), a new baseline, µ0(k)′, is obtained.
This new baseline, µ0(k)′, has a specific periodic oscillation structure as shown in Figs. 2b and 2d . This oscillation cannot be explained by MEE, because the estimated k value for MEE (see above) disagrees with this oscillation. The µ0(k)′ has a characteristic distance factor, 1.85 Å, which corresponds to the radius of a bromide ion; it has been reported that the radius of a bromide ion is 1.82 Å 14, 15 and its van der Waals radius is 1.85 Å. 16 This distance probably indicates the range where the atomic potential of the absorbing atom influences emitted electron waves, suggesting that the baseline µ0(k)′ is the atomic XAFS of the bromide ion. However, we cannot clarify the reason why an atomic XAFS spectrum could be drawn out from an EXAFS spectrum by the present procedure. It should be noted that, for the bromide in the resin, the relative amplitude of the atomic XAFS oscillation to that of k 3 χmod(k) is larger than that for the bromide dissolved in water. This may come from differences in their hydrated structures and dynamics. Bromide ion adopts more rigid and well-defined hydrated structures when dissolved in water, and provides more intense EXAFS signals. In contrast, the weak interactions of Br -with its surroundings in the resin result in weaker EXAFS signals. Thus, the atomic XAFS more clearly appears for the bromide in the resin. The atomic XAFS may remain in k 3 µmod(k) but, in many cases, it cannot be detected because the atomic XAFS oscillation is buried in more intense EXAFS signals. The elucidation of the physical background of the present procedure and its applicability to other atoms are now being studied in our laboratory.
In summary, we found that after removal of the MEE structure from EXAFS of Br, EXAFS still has an oscillation structure, which is more intense for the hydrated bromide ion in an anionexchange resin than for that in water. There are no scattering atoms at the distance, r = 1.85 Å characteristic of the oscillation of this sample. Thus, we conclude that this distance reflects the radius of the bromide ion and the oscillation comes from the atomic XAFS of the bromide ion. However, it is not evident whether the concept of atomic XAFS proposed by Ramaker et al. [4] [5] [6] [7] is verified by such results or not. The results have suggested that any XAFS spectra may contain atomic XAFS spectra.
